Abstract Restoration of motor function following stroke involves reorganization of motor output through intact pathways, with compensatory brain activity likely variable by task. One class of motor tasks, those involved in self-care, is particularly important in stroke rehabilitation. Identifying the brain areas that are engaged in self-care and how they reorganize after stroke may enable development of more effective rehabilitation strategies. We piloted a paradigm for functional MRI assessment of self-care activity. In two groups, young adults and older adults, two self-care tasks (buttoning and zipping) produce activation similar to a bimanual tapping task, with bilateral activation of primary and secondary motor cortices, primary sensory cortex, and cerebellum. Quantitative differences include more activation of sensorimotor cortex and cerebellum in buttoning than bimanual tapping. Pilot subjects with stroke showed greater superior parietal activity across tasks than controls, potentially representing an increased need for sensorimotor integration to perform motor tasks.
Introduction
An almost universal consequence of stroke is motor impairments resulting in self-care deficits (Bernspang et al. 1987) . These deficits may occur directly as a result of reduced motor output through damage to the corticospinal tract or indirectly because of apraxia (Sunderland et al. 1999 ) or executive dysfunction. There is increasing focus on restoring self-care independence in stroke and acquired brain injury rehabilitation settings. That restoration is often based on teaching compensation for specific motor problems and using cues to supplement impaired motor sequencing (van Heugten et al. 1998 ). However, little is known regarding the brain substrates of these general approaches to rehabilitation. It is known that recovery from stroke produces changes in the pattern of movement-related activity in motor cortical areas (Weiller et al. 1992; Johansen-Berg et al. 2002) . This neuronal plasticity appears to involve engagement of brain areas previously silent or minimally engaged during simple motor tasks, particularly contralesional primary motor cortex and secondary motor areas, e.g., premotor cortex and supplementary motor cortex (Schaechter and Perdue 2008) .
Rehabilitation therapies are seldom based on physiological data, and there is little empirical evidence favoring one specific treatment over another (Pomeroy and Tallis 2000; Marsden and Greenwood 2005) . Knowing how brain areas are engaged during recovery and rehabilitation would allow the physician to customize an individual patient's treatment based on their specific pattern of damage, and to also better predict the outcome of treatment (Cramer et al. 2003) . For example, one could avoid treatments known to depend on cortical areas that have been damaged in a particular individual. This will become a greater possibility as understanding of postinjury plasticity increases. As a necessary first step, we must understand how the intact brain accomplishes the kinds of motor tasks involved in rehabilitation.
These tasks are often self-care activities, such as dressing, grooming, and eating. Neurophysiological investigation of recovery of motor function after stroke, however, has typically included study of simple movements (Chollet et al. 1991; Weiller et al. 1992 Weiller et al. , 1993 but not more realistic tasks. The movements necessary for self-care are complex, involving bimanual manipulation of clothing objects such as shoelaces, buttons, and zippers, often under visual guidance. These movements require grasping with accurate force application and purposeful multijoint reaching movements. In contrast, the movements most often used in neurophysiological studies of motor function involve single or sequential finger tapping. While the network of brain areas involved in simple finger movements has been well characterized (Roland et al. 1982; Shibasaki et al. 1993) , those supporting the more complex self-care movements remain unknown. The present study sought to find tasks that are appropriate to the MRI environment, are more ecologically valid than finger tapping, and that produce a circumscribed, interpretable pattern of sensorimotor brain activation.
We developed two self-care-related motor tasks that can be easily performed within the context of a functional neuroimaging experiment. Here, we investigated the functional activation related to those tasks, with two hypotheses: 1. The activation related to performance in normal subjects would be similar to commonly used finger-tapping task because the self-care tasks, while more complex, are overlearned; 2. Activation after recovery from stroke would reveal a more widespread pattern of activation due to task complexity and less practiced performance with current neural resources. These other areas would include nonprimary motor cortices known to be involved in visuomotor processing (premotor areas, posterior parietal cortex), sequencing (SMA) and error correction (cerebellum.) We were also able to compare the brain activations of a pilot group of individuals with stroke to an age-matched control group and to compare this older group with a group of younger adult subjects, first used to validate the method. In this way we were able to ask whether aging and stroke affected the activation pattern related to performance of self-care movements.
Experimental procedures

Participants
Twelve participants in each of three groups were recruited for this study, which was carried out from 2002 to 2004. Those in the Adult group were between 21 and 50 years of age, and those in the Aged and Stroke (Pilot) group were over 50 years of age. No non-Stroke participant reported any history of stroke or other neurological impairment. A comprehensive neurological exam (Mental Status, Cranial Nerves, Motor, Sensory, Reflexes, and Coordination) was performed on each of the Aged participants, with no abnormal findings. For inclusion in the pilot study stroke survivors must have had a motor deficit immediately following stroke and experienced subsequent recovery to independence in self-care; one subject was severely hemiparetic (previously right-handed), but had recovered the ability to perform the requisite self-care tasks. None of the subjects had severe sensory deficits or neglect. The Wake Forest University Health Sciences Institutional Review Board approved all procedures, and subjects gave written informed consent and HIPAA acknowledgement prior to study participation.
Motor testing
Stroke subjects performed a battery of tests, including the Assessment of Motor and Process Skills (AMPS) (Fisher 1993) , Motor Activity Log (MAL) (Uswatte et al. 2005) Trail-making Test (TMT) A and B, and the ABILHAND survey (Penta et al. 2001) . The AMPS can be performed only by an occupational therapist that has been certified in this proprietary method, and such a therapist left the institution half-way through the pilot stroke group testing.
Procedure
Functional Magnetic Resonance Imaging (fMRI) was performed during a single 1-hour session while participants performed each of five motor tasks. The two self-care tasks were Buttoning and Zipping. During the Buttoning task, participants alternately fastened and unfastened the button attached to the cushion resting on their upper abdomen (Fig. 1) . The cushion was made of pliable foam rubber with a denim cover. The button was placed so that it could easily be reached, requiring little arm movement. During the Zipping task, participants used their right hand to alternately move up and down the zipper attached to the cushion. There were also three comparison tasks involving sequentially tapping each finger on the cushion using the left, right, or both hands.
At the beginning of the testing session, participants were shown how to perform each of the five tasks, and were allowed to practice each while lying down (to simulate the MRI environment). In the scanner, head movements were addressed in the following ways: a) participants were asked to keep their head as still as possible, b) their head was stabilized using cushions placed on either side, and c) a small piece of paper towel was placed on their forehead and taped at either end to the base of the head coil to provide cutaneous feedback.
Data acquisition and analysis
Each scanning session began with the collection of localizer and structural scans, followed by eight fMRI runs (one Righthand tapping, one Left-hand tapping, and two each of Bimanual tapping, Buttoning, and Zipping; order determined by Latin-square). Each fMRI run lasted 3.5 min and consisted of alternating 30 s periods of repetitive, self-paced task performance and rest (each run began and ended with a rest period). A member of the research team stood beside the participant for the entire MRI session, instructing them prior to scan onset as to what task to perform, and when to begin and end the task (signaled by a light tap on the leg). Movements were videotaped using a custom-made MRI-compatible camera (Resonance Technology, Northridge, California) aimed at the task workspace, recorded on 8 mm digital videotape (Sony USA, New York NY), and analyzed offline for task timing.
Magnetic resonance imaging was performed using a GE Signa 1.5 Tesla Echo-Speed Horizon LX system, and consisted of a sagittal T1-weighted localizer, followed by a T1-weighted acquisition of the entire brain performed in the axial plane (24 cm FOV, 256×256 matrix, 3 mm slice thickness). This sequence was used during analysis both Table 1 Subject characteristics, including rate of movement. The affected arm was not known for all stroke-affected subjects. For the functional measures, MAL, ABILHAND, higher is better. The AMPS and train-making (TM) have age-specific norms, but higher represents worse function. Task rate was taken from videotaped performance in the MRI, which was not always technically feasible. Tapping tasks are L (left), R (right), or Bi (bimanual), and ADL tasks are But (buttoning) and Zip (zipping) The view through a head-coil mounted camera is shown with the participant in the magnet bore for anatomic overlays of the functional data, as well as for spatial normalization of the data sets to a standard atlas to permit comparisons to be made across individual participants.
Functional imaging was performed in the axial plane using multislice gradient-echo echo planar imaging (EPI) with a field of view of 24 cm (frequency)×15 cm (phase), and an acquisition matrix of 64 mm×40 mm (28 slices, 5 mm thickness, no skip, TR03,000, TE040, flip angle090 deg). This sequence delivered an effective voxel resolution of 3.75 × 3.75 × 5.00 mm, and allowed us to view changes in both superior, hand-related sensorimotor cortices and the cerebellum. There were 70 volumes acquired during each 3.5 min run. The fMRI raw echo amplitudes were saved and transferred to a SUN Ultrasparc workstation (SUN Microsystems, Mountain View, CA) for off-line reconstruction using software developed in IDL (Research Systems Inc., Boulder Colorado). Correction for image distortion and alternate k-space line errors was performed on each image on the basis of data acquired during phase-encoded reference imaging (Alsop et al. 1995) . Statistical parametric maps (SPMs) were generated using SPM99 (Friston et al. 1995) implemented in Matlab (The Mathworks Inc., Sherborn MA, USA), with an IDL interface. The T1-weighted images were normalized to a standard template in Montreal Neurological Institute (MNI) coordinate space within SPM99. The functional data sets were motion corrected (intra-run realignment) within SPM99 using the first image as the reference. The functional data sets were normalized to MNI space using image header information to determine the 16-parameter affine transform between the functional data sets and the T1-weighted images (Maldjian et al. 1997) , in combination with the transform computed within SPM99 for the T1-weighted anatomic images to MNI space. The normalized data sets were resampled to 4×4× 5 mm within MNI space using sync interpolation. A second realignment step (inter-run realignment) was then performed (within SPM99) between successive normalized runs within each participant, using the initial normalized run as the target. This was done to eliminate motion between the successive runs within each participant. The data sets were smoothed using an 8×8×10 mm full-width at half maximum Gaussian smoothing kernel, and SPMs were generated using the general linear model within SPM99. A 6 s time-shifted box-car waveform was used as the reference paradigm, and the ANCOVA model with global activity as a confound was employed for the statistical analysis. Temporal smoothing, detrending and high-pass filtering were performed as part of the SPM analysis. The SPM{t} were transformed to the unit normal distribution SPM{Z} and thresholded at p<0.05, corrected for multiple comparisons.
A second-level analysis was performed to generate group SPMs using a random-effects model within SPM99 with the individual contrast maps (Holmes and Friston 1998) . The resulting maps were transformed to the unit normal distribution SPM{Z} and thresholded at p<0.05, corrected for multiple comparisons. Anatomic labels for significantly activated voxels were determined using the wfu_pickatlas (Maldjian et al. 2003) . Only data from one run each (usually the second) of the Bimanual tapping, Buttoning, and Zipping tasks are presented here, as not all participants had two runs and we did not want to over represent an individual. The second level contrasts included: 1. Differences, within each group, between each ADL task and each of bimanual, right, and left tasks, with the hypothesis that the ADL tasks would be most similar to the bimanual task, with other differences based on the amount of use of each hand, 2. Differences within a task and between the Aged and the other two groups, with the hypothesis that the Aged group would have less focal Fig. 3 Group analysis of buttoning task-related activations, displayed as in Fig. 1 , including the more posterior extent of the frontoparietal cluster activation than the Adult and the Stroke group would further have additional areas activated, with more increase in number of areas with task complexity.
Participants
There were 36 participants, 12 in each of the three groups, Adult (6 female, 29±7 year.), Aged (5 female, 61 ± 8 year), and Stroke (4 females; age 66.8 ± 7.76 years). The Stroke group was not statistically significantly different in age from the Aged group. One Aged participant was ambidextrous, but all other participants were right-handed. Besides these participants, four participants were excluded: 1. one Adult showed little motor activation in any task, 2. one Adult was left-handed and participated only for pilot purposes, 3. one Aged participant's scans had reconstruction errors, and 4. one Aged participant was uncomfortable in the scanner and declined to participate further. Table 1 describes the demographic and medical characteristics of the stroke participants, which unfortunately is incomplete due to some loss of data and change in personnel. The lasting motor impairments among stroke patients varied from none to severe, but all Stroke participants were independent in their activities of daily living (ADL). Fig. 4 Group analysis of zipping task-related activations, displayed as in Fig. 1 . Note the asymmetric activation (more left hemisphere activity) of sensorimotor cortex, consistent with the nature of the task. Activation was most symmetric in the stroke group
Head movements
The realignment parameters generated by SPM during image realignment were used to estimate head movements in 6 dimensions (translation: x, y, and z; and rotation: pitch, roll, and yaw) for the Bimanual tapping, Buttoning, and Zipping tasks in 8 pilot participants (5 Adult and 3 Aged). The maximum values were generally within acceptable limits (Table 2) , although movement in the z direction tended to be somewhat large during task performance. The Stroke group showed a similar range of head movements, although with more individual variation, with up to 1.5 mm and 1°of movement for a single realignment parameter.
Results
Task-related activation
Task performance was confirmed by video monitoring and there was no deviation from the block design protocol. The location, magnitude, and anatomic label of each significantly activated voxel cluster in each task are listed for the three groups in Table 3 . Each task produced a pattern of motorrelated activity typical of dexterous hand movements, including cerebellum, sensorimotor cortex, and, in some cases, a distinct supplementary motor area (SMA) activation. Figures 2, 3 and 4 show areas of functional activation at the p<0.05 uncorrected level (a more liberal criterion than we chose for reporting specific voxels). The pattern of activation was qualitatively quite similar across all tasks.
All participants performed the Zipping task with their right hand as prime mover, producing a strongly lateralized pattern of activity (right cerebellum, left cortex) in the Adult participants. The Aged participants showed a more bilateral pattern of activation in this task. In the Adult participants, the Bimanual tapping task produced a more anterior pattern of sensorimotor cortex activation (more primary motor cortex and dorsal premotor area) and the self-care tasks produced somewhat more posterior activation (more primary sensory cortex) both in the most activated voxel (Table 3) and the qualitative pattern of activation (Figs. 2, 3 and 4) . In the Aged participants, sensorimotor cortex activity was more similar across the three tasks.
Task comparison
We used random effects analysis (paired t-test) to compare the pattern of activation between each of the tasks within each of the two normal groups (half of the comparisons are shown in Table 4 , and three comparisons in Fig. 5 ). The Buttoning and Bimanual tapping tasks both produced greater left cerebellar and right cortical activation than the Zipping task. This is not surprising, given that the Zipping task was primarily performed with the right hand. The largest difference cluster was with the aged group, comparing Buttoning to Zipping, and was in the R sensorimotor cortex. Zipping had few voxels more activated in comparison to bimanual tapping in the normal groups, and none in the stroke one. Buttoning elicited more activity than tapping in the largest number of areas, with more right-sided motor and sensory activity in the Aged group.
Group comparison
Random effects analyses (paired t-tests) were used to compare activations between the Adult and Aged groups and between the Aged and Stroke groups. In spite of the qualitative differences noted above, these analyses revealed no significantly differentially activated voxels between the Adult and Aged groups for any of the tasks. But comparison of Stroke to Aged revealed greater activation for Stroke in the superior parietal and secondary sensory areas, across all tasks (Fig. 6 ).
Discussion
We show here that, in healthy participants, two dressingrelated motor tasks-buttoning and zipping-produce circumscribed, interpretable patterns of activity that are similar Fig. 5 Task differences in adult group, displayed as in Fig. 1 , except that color scale represents negative Z scores from −7.5 to −1.5 in cold colors and positive differences from 1.5 to 14.5 in hot colors. a buttoning > bimanual. b zipping > bimanual. c buttoning > zipping to a bimanual finger-tapping task. This pattern of activation is similar in both younger and older age groups, and similar in stroke-affected individuals with only a few differences. While these dressing-related tasks are a more ecologically valid alternative to the often-used finger-tapping tasks for the study of recovery of self-care following stroke or other brain injury, the high degree of similarity between the brain activations regardless of task type suggests that the body of science on the simpler movements adequately probes the relevant brain motor systems. We hypothesized first that self-care tasks would have similar activation to simple repetitive movements because they are overlearning and secondly that activation after recovery from stroke would be more divergent. Our first hypothesis was therefore confirmed, and may relate to the fact that the thousands of opportunities to practice these complex movements result in brain activity indistinguishable from simple repetitive movement. The second hypothesis was not confirmed, however. In fact, the same brain region, the superior parietal cortex, was activated more in stroke-affected individuals across tapping and dressing tasks.
While the only significant difference between buttoning and bimanual tapping was greater activation of the right primary sensory cortex, and then only in the Aged group, the overall pattern of activation was more robust in both sensorimotor cortices and the cerebellar vermis for the ADL-like task. Otherwise the task differences were expected, and reflected the relative hand contributions in each of the tasks. This lack of a larger difference between Zipping and other tasks is likely the result of the participants using their left hand to dynamically stabilize the workspace. While one hand is performing the more dexterous movement, the other needs to exert bimanually coordinated forces. In addition, consistent with studies of self-paced movements, there was frequent activation of supplementary motor area (SMA) (Cunnington et al. 2002) . This activity is visible in Fig. 1 , although it often fell below our (rather conservative) statistical threshold.
Age-related differences in brain activity were subtle. Others have found a more widespread pattern of brain activity related to simple bimanual tasks (Goble et al. 2010) . Our data does not preclude this possibility, but our tasks were performed at a comfortable pace for each individual. This normalization of effort level may have prevented compensatory activation of additional brain regions, or their activation may have simply been below the threshold of detection. There is some support for this latter possibility in the qualitatively higher similarity and fewer significant voxel differences between bimanual tapping and self-care tasks in the Aged group as compared to the younger Adult group.
Stroke-related changes are interpretable only in light of the group heterogeneity but showed a consistent increase in activation of superior parietal cortex across all tasks. This area has been known to be part of the network for sensorimotor integration (Wise et al. 1997) and also to become more active in motor tasks after stroke e.g. (Gerloff et al. 2006) . Here it may represent part of a common solution to the problem of coordinating movements with a partially damaged motor network, regardless of where that damage is.
While head movements generated by performing these tasks were generally within acceptable limits, it remains true that care should be taken to limit head movements, particularly in z translation and pitch, by instructing subjects as to the importance of keeping the head still, and by using head and trunk stabilization devices.
In conclusion, we have demonstrated that selected selfcare tasks effectively elicit simple patterns of motor-related brain activity in younger, older, and relatively mildly strokeaffected adults. Superior parietal cortex was more activated in stroke patients across all tasks, as compared to normal subjects, suggesting a common role in recovery of motor function. It is possible that more disabling stroke will lead to a more significant recruitment of a broader range of motor areas for self-care tasks as compared to finger tapping, but this would require further study. Fig. 6 Difference image between stroke and aged in buttoning. Z scores −3.75 to −1.5, 1.5 to 3.51 are displayed as in Fig. 5 . Note more activation in bilateral superior parietal cortex (BA 5) in stroke as compared to aged
